We molecularly cloned unintegrated viral DNA of the BALB/c endogenous Ntropic and B-tropic murine leukemia retroviruses and in vitro passaged N-tropic Gross (passage A) murine leukemia retroviruses. Recombinant genomes were constructed in vitro by exchanging homologous restriction enzyme fragments from N-or B-tropic parents and subsequent recloning. Infectious virus was recovered after transfection of these recombinant genomes into NIH-3T3 cells and cocultivation with the Fv-1 nonrestrictive SC-1 cells. XC plaque assays of recombinant virus progeny on Fv-1" and Fv-lb cells indicated that the Fv-1 host range was determined by sequences located between the BamHI site in the p30 region of the gag gene (1.6 kilobase pairs from the left end of the map) and the HindIII site located in the pol gene (2.9 kilobase pairs from the left end of the map).
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The biological properties and molecular mechanism of murine leukemia virus (MuLV) host range restriction governed by the mouse Fv-l gene have been studied in many laboratories in recent years (reviewed in reference 18). There are two clearly defined alleles, Fv-1" and Fv-Ib, which dominantly restrict B-tropic and N-tropic MuLVs, respectively (24, 26) . Another allele, Fv-1"', has been described that is distinct from Fv-1" in that in addition to restricting all B-tropic MuLVs, this allele also restricts some N-tropic) MuLVs (Rowe and Hartley, cited in references 22 and 30). Fv-1 restriction is not absolute; it is usually observed in cell culture as a 100-to 1,000-fold reduction in infectivity relative to permissive cells (15) , and it is characterized by a two-hit infectivity curve (9, 25, 32) . The two-hit phenomenon is best explained as an abrogation of the Fv-1 restriction by the initial restricted virus (10) . It has been proposed that the incoming virion RNA serves as mRNA to produce an excess of the Fv-1 target, thus titrating out the available Fv-J gene product and allowing subsequent virus to establish a productive infection (10) .
It is now clear that a major consequence of the Fv-J restriction is a failure of the viral DNA to integrate into the host genome (19, 31) . This may be due to a block in the formation of covalently closed supercoiled DNA (form I), the presumed precursor to integration (20, 33) . In some cases, the earlier linear DNA (form III) synthesis is restricted, suggesting a polymorphism in Fv-J action (33) . Integration, rather than circularization alone, has also been suggested as the event which is blocked in Fv-1 restrictive cells (8) .
The virion determinant which is responsible for Fv-I host range can be phenotypically acquired and contributes a dominant sensitivity to the Fv-1 gene (21, 23, 27 Amplified 200-ml cultures were centrifuged, and the washed cell pellet was suspended in 2.5 ml of 15% sucrose-50 mM EDTA-50 mM Tris-hydrochloride (pH 6.8) and treated with 2 mg of lysozyme for 5 min on ice. Cells were lysed with 2.5 ml of 0.5% Triton X-100-50 mM EDTA-50 mM Tris-hydrochloride (pH 6.8), held on ice for 10 min, and centrifuged at 30,000 rpm for 90 min. The supernatant was carefully removed, adjusted to 2% sodium dodecyl sulfate, and heated to 60°C for 5 min. Then 5 ml of 5 M NaCI was added, and the solution was mixed, held on ice overnight, and centrifuged at 24,000 rpm for 30 min. DNA in the superantant was precipitated by the addition of polyethylene glycol (6,000 molecular weight) to 10%
(wt/vol) and was held on ice for at least I h. The DNA was pelleted by centrifugation at 20,000 rpm for 20 min, suspended in 2. (14), as previously modified (17), was used. Samples were diluted to a final concentration of 3 ,ug/ml in HEPES buffer (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) containing 30 jig of calf thymus DNA per ml. The solution was adjusted to 0.125 M CaClI and incubated for 15 min at room temperature, and 0.1 ml was placed onto 4 x 104 NIH-3T3 cells per 16-mm well. After holding at room temperature for 10 min, 1 ml of standard growth medium was added, and cells were incubated at 37°C as usual. After 1 day, the cells were cocultured with SC-1 cells, and the medium was supplemented with 1 ,uM hydrocortisone and 0.1 IU of insulin and 2 ,ug of polybrene per ml to facilitate expression and spread of the virus (17) . At 3-to 4-day intervals, each culture was trypsinized and replated into duplicate cultures. One set of cultures was assayed for infection by the XC plaque assay, and the other set was used for continuous passage.
Assay of recovered virus. Culture medium was saved from each passage after transfection and was stored at -70°C. Media from cultures which were positive by the XC plaque assay were subsequently assayed for Fv-l host range by the standard XC plaque assay in NIH-3T3 (Fv-I") and C57BL (Fv-l) fibroblast cultures.
Enzymes and reagents. Restriction endonucleases were purchased from Bethesda Research Laboratories and were used as recommended by the supplier. of molecularly cloned unintegrated WN1802N MuLV genomes, there is a long terminal repeat (LTR) size heterogeneity (6). We took advantage of this by choosing XWN41, which was an isolate with two LTRs of the basic 527-base pair (bp) size and was easily distinguished (with the appropriate restriction enzymes) from the Btropic isolate, XWB5, which had two slightly larger LTRs of 580 bp (53 bp larger due to a direct repeat in the U3 region). The molecular clone of Gross passage A virus, XGN104, was easily distinguished from the other two since it contained a single LTR of 563 bp (36 bp larger due to an additional sequence in the U3 region).
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As an additional aid to distinquish these viral genome clones, in which most restriction fragments appeared to be identical, we subcloned XWN41 and XGN104 (both N-tropic) into pBR322 and subcloned XWB5 (B-tropic) into pBR325. These vectors could be distinguished by the chloramphenicol resistance gene (and subsequent 1.1-kbp size increase) present in pBR325 but not in pBR322 (5) . The parental origin of all restriction fragments used in in vitro recombination experiments was distinguishable on the basis of these properties (i.e., LTR size and vector) or by construction of deletion subclones.
The parental N-and B-tropic molecular clones were infectious by DNA transfection, and the virus recovered after transfection and subsequent passage in SC-1 cells exhibited the host range of the original virus as expected (Table 1) that includes the entire gag gene. This is shown schematically in Fig. 2 . In the exchange between N-tropic pWN41 and B-tropic pWB5 ( Fig. 2A) , parental clones were digested with XorII, and the large and small fragments were isolated by preparative gel electrophoresis. Reciprocal mixes were made, and fragments were ligated and used to transform E. coli C600. Recombinant plasmids were analyzed, and the parental origin of the small XorII fragment was established by the chloramphenicol resistance gene of pWB5 that was not present on the homologous small fragment of pWN41. The parental origin of the large XorII fragment was established by determining the LTR size (pWN41 has two 527-bp LTRs and pWB5 has two LTRs of 580 bp, 53 bp larger due to a direct repeat).
For the recombination of N-tropic pGN104
and pWB(AS)1, a subclone of B-tropic pWB5 (Fig. 2B) , parental clones were also digested with XorII, mixed and ligated, and used to transform E. coli C600. Recombinant plasmids were analyzed, and the parental origin of the small XorII fragment was established by the 4 for construction of pWB(/S)l1].
Although the physically recombined fragment in these constructions was XorII-XorII, the "net exchange" of viral insert was the 2.4-kbp XorIIHindlIl fragment. An example of an in vitro recombinant genome from each exchange, and the parental DNA, each digested with XorII, are shown in Fig. 3 . It is obvious from the restriction enzyme analysis in Fig. 3A All pWN/b(X-H), pWB/n(X-H), and pGN/b(X-H) isolates (identical to the examples shown in Fig. 3 ) were examined for infectious activity by DNA transfection on NIH-3T3 cells and were cocultivated with SC-1 cells to amplify any Btropic virus. Not all recombinant clones were infectious. Virus recovered from transfectionpositive cultures were assayed for Fv-I host range by titration on Fv-1" and Fv-lb cells. Some isolates were passed in SC-1 cells several times and thus have a higher titer. The results (Table  1) indicated that Fv-l tropism was determined by a sequence residing in the 2.4-kbp XorII to HindIlI fragment. The large XC plaque-forming ability of WN1802B MuLV was observed in pWB5 and the N-tropic pWB/n(X-H) isolates, suggesting that plaque morphology was not affected by exchange of this fragment.
The B-tropic pWN/b(X-H)1 and pGN/b(X-H)53 isolates, however, produced XC plaques distinct from their N-tropic parent. These were difficult to score on C57BL, due to lifting off of the XC syncitium, but they were easy to detect on SC-1 cells (data not shown).
A BamHI cleavage site which exists approximately in the middle of the 2.4-kbp XorIIHindIII fragment (see Fig. 1 ) was used to create a smaller fragment exchange. Subcloned intermediates with restriction fragments deleted were constructed, and the in vitro recombination between N-and B-tropic parents was conducted in two steps. First, the -3.5-kbp BamHI fragment of one type was cloned into the double deletion subclone (ASAB) of the opposite tropism to create a BamHI fragment recombinant. Then the final recombinant (in which only the 1.3-kbp BamHI-HindIII fragment is from the parent of opposite tropism) was constructed by a XorII exchange with the original (major) parental clone. The parental origin of the small XorII fragment was established by the chloramphenicol resistance of pWB5 (and subclones) and sensitivity of pWN41 (and subclones). The parental origin of the large XorII fragment was established by the presence (in the original parental clone) or absence (in the BamHI fragment recombinant) of the 1.75-kbp Sall fragment.
The BamHI to HindlIl fragment of pWN41 was replaced with the homologous fragment from pWB5, as shown schematically in Fig. 4 . DNAs of the parental clones and intermediates digested with the appropriate enzymes are shown in Fig. 6A tion enzyme digests of intermediates and a final recombinant are shown in Fig. 6B . The resulting recombinant clones from both series (identical to those shown in Fig. 6 ) were tested for transfection ability, and positive isolates were then tested for Fv-l host range. As with the XorIIHindlIl recombinants, not all isolates have been passaged to the same extent, and absolute titers vary. The relative restriction in one host or the other is evident, and the results shown in The large XC plaque morphology of virus recovered from pWB5 was not affected by conversion to N-tropism with either XorII-HindIII or BamHI-HindIII fragments. This is consistent with the idea that the env gene is responsible for XC plaque morphology. The conversion of pWN41 (small XC plaque) to B-tropism by the XorII-HindIII fragment exchange resulted in altered XC plaque morphology, suggesting that other factors also contribute. The level of virus production, for example, may be affected in these recombinants.
The mechanism of Fv-1 gene action is still unclear; however, a complete definition of the target in the genome will help focus our ideas and experimental approaches to understanding the biochemistry of this phenomenon. Comparison of the nucleotide sequence of this 1.3-kbp BamHI to HindIll fragment from the N-and Btropic genomes is in progress. Our working hypothesis is that the Fv-I target is involved in maintaining the viral genome termini in close proximity to facilitate "jumping" during reverse transcription and subsequent circle formation. 
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The Fv-] gene product may either disrupt this association or interfere with the enzymatic processes which lead to circularization and supercoiling. How the Ft-] gene product interacts with the virion target remains to be determined. Although it is likely that the determinants for tropism are on the p30 molecule, the functional target may be a minor component of the virion, possibly a larger precursor molecule which contains the same sequences. This could possibly explain why even though p30 is the major structural protein of the virus core, only a small number of functional target molecules per virion are indicated by some biological experiments (21, 27) .
We have previously demonstrated a polymorphism of Fv'-l gene action on viral DNA (33) . For example, DBA/2 cells (Fv-1") inhibit the appearance of form I DNA but have little effect on form III DNA of infecting WN1802B B-tropic virus, whereas NIH-3T3 cells (Fv-1") severely inhibit both forms of DNA. Examination of the DNA forms synthesized by in vitro constructed "'reverse tropism" viruses may indicate whether the block in form III viral DNA synthesis is due to the Fv-1 determinant or is a separate restriction.
